We present theoretical and experimental demonstration of two designs to achieve group velocity insensitive coupling of light from a ridge waveguide to a photonic crystal waveguide. We demonstrate an average improvement of 62% in coupling to low group velocity modes and an average coupling enhancement of 11.5% at large group velocities.
Introduction
Unique light confinement properties, and compatibility with CMOS fabrication has generated great interest in two-dimensional (2D) photonic crystals (PCs) [1, 2] . Practical planar 2D PCs consist of air holes fabricated in a high index material [e.g., silicon (Si)]. Waveguiding in these 2D periodic structures is obtained by creating linear defects. These photonic crystal waveguides (PCWs) have unique dispersion properties, which has given rise to numerous applications, such as optical delay lines [3] , sensing [4] , nonlinear optics [5] , and dispersion compensation [6] . Applications of these PCWs rely on two major properties: (i) ability to obtain large delay bandwidth product using dispersion-engineered PCWs [3, 7] and (ii) the presence of large dispersion. Applications utilizing the first property include optical delay lines [8] and enhanced light matter interaction [5, 9] . Similarly, applications utilizing the large dispersion available in PCWs include tunable delay lines for phased array antenna and optical signal processing applications [10] , dispersion compensation [6] , sensors with tunable sensitivity [4] , compact demultiplexing [11] , and dynamic control of cavity Q for quantum information processing [12] . However, these PCWs suffer from much larger propagation loss than ridge waveguides [13, 14] . Future envisioned integrated optical circuits are likely to have many functionalities integrated on the same chip. An ideal large-scale integrated-optics (LSIO) chip will consist of optical processing units (OPUs) based on PCs/PCWs and the connection between these OPUs based on low-loss ridge waveguides. Such an LSIO circuit will consist of many OPUs and connections between these OPUs. Hence, it is important to design efficient couplers between ridge and PC waveguides. Designing couplers that work efficiently at all group indices in high-dispersion PCWs is not straightforward. Various research groups around the world have studied this coupling [15] [16] [17] ; a nice review of different coupling schemes has been presented in [18] . However, most of these are theoretical studies with few experimental demonstrations [19] [20] [21] [22] . Vlasov and McNab [22] showed that properly designed terminations can greatly increase the coupling at low group velocities. Yang et al. [20] extended the idea using topology optimization to show further increase in coupling. Yang's structures are, however, not intuitive and questions remain on how sensitive these terminations are to fabrication imperfections. Ozaki et al. [21] showed that high group velocity interface regions can greatly increase the coupling to low group velocity modes. However, the length of these regions is very long, and the demonstrated group index was only 17. In [19] , Lin et al. showed high efficiency coupling to low group velocity modes of the PCW using an approach similar to our previously reported theoretical [23] results. In this paper, we present two approaches to achieve efficient coupling of light from a ridge to a PC waveguide. In the first approach, we show that by combining both effective termination and properly designed tapers, we can enhance the coupling efficiency at both high and low group velocities and obtain coupling efficiencies better than when the two approaches are used alone. We also show experimentally that tapering the period of air holes is a more robust way of designing tapered couplers than tapering the hole sizes as reported earlier [19, 23] . We also present a new, yet simple and effective coupling scheme that results in almost 100% transmission for a large bandwidth. We present extensive experimental evidence of efficient coupling using the proposed designs. We show that our couplers help improve coupling efficiency to both high and low group velocity modes of the PCW, as opposed to just the low group velocity modes as reported in [19, 22] , and compare our findings with these earlier reported works. We also fabricate and characterize multiple samples and use statistical averaging to show that the designed structures are robust to any fabrication imperfections. Such an extensive study of coupling is missing in the abovereferenced experimental studies.
The breakdown of the paper is as follows. In Section 2, we present our simulation platform and study the coupling between a ridge and a PC waveguide. In Section 3, we present our two approaches to achieve efficient coupling and compare the performance of the two designs in Section 3.C. In Section 4, we present our fabrication process. The experimental characterization results and discussion of these results are presented in Section 5.
Simulation Platform
To simulate the performance of a ridge to a PC waveguide coupler, we have used the structure shown in Fig. 1(a) . The structure consists of a dielectric slab waveguide connected to a PCW with a coupling region in between. To simplify the simulations, we have used the effective index model for Si (n eff 2.811) to allow for 2D analysis. The effective index is calculated using a one dimensional (1D) mode solver [24] . The radius of air holes (r) is 30% of the lattice period (a). The PCW is made by removing one row of air holes in the ΓJ direction. The width of the slab waveguides is equal to d, which is the same as the distance between the edges of the closest circles on each side of the PCW as shown in Fig. 1(a) . To analyze the structure, we used the 2D finite-difference time-domain (FDTD) [25] technique. To absorb the incoming electromagnetic fields, we have used our specially designed absorbing boundary condition, which efficiently absorbs highly dispersive modes of a PCW [26] using one of the approaches presented in this paper. In our FDTD simulations, the lattice period (a) is equal to 24 grid points.
To calculate the power transmission spectrum (power transmission coefficient verses frequency) from the slab waveguide to the PCW, we used a pulsed Huygens source [27] to excite the fundamental TM (electric field in plane) mode in the slab waveguide. The spectrum of the power transmitted into the PCW is calculated by taking the Fourier transform of the fields and then integrating the Poynting vector over a surface of 168 unit cells (equivalent to 7 periods) centered at the middle of the PCW. The length of the observation surface is chosen to ensure that the transverse profile of the mode does not affect the calculation of power transmission coefficient. The length of the observation surface is important for our simulations as the transverse mode profile of the fundamental mode of the PCW changes as we move from the large group velocity region to the small group velocity region. This choice of the length of the observation surface ensures that the sum of the normalized transmitted and reflected powers is equal to 1 throughout the frequency range of interest and does not change with the group velocity. The power transmission coefficient was calculated as the ratio of the transmitted power to the power transmitted through the reference structure [see Fig. 1(b) ] of equal length and consisting only of the slab waveguide.
Figure 1(c) shows the dispersion diagram of the PCW used in this paper. The even (fundamental) mode dispersion has two distinct regions: (1) a linear region with an almost uniform high group velocity (ω n ≡ a∕λ ≥ 0.271), and (2) a nonlinear region (0.2668 ≤ ω n < 0.271) with rapidly varying group velocity. The group index (n g ) in this low group velocity region changes from around 20 to over 1000. Most PCW-based applications work in the low group velocity regime, as this region offers dispersion characteristics that are not available in a ridge waveguide platform. The dispersion diagram and the field profile of modes used in this paper have been computed using the 2D plane wave expansion (PWE) method with the super cell technique [28] .
Design Approach
Using the above-mentioned simulation platform, we calculated the transmission spectrum for a simple butt-coupled (BC) PCW [i.e., with no modification done to the PC in the coupling region of Fig. 1(a) ] in the single mode frequency range (0.267 ≤ ω n ≤ 0.291) of the PCW. The termination used between the slab and PC waveguides, as shown in Fig. 1(a) , is the same as used in [22] . We have used this BC PCW as the reference structure throughout this paper. The transmission response of this reference structure is shown in Fig. 2(a) .
The transmission drops from more than 90% at the large group velocity end of the frequency range of interest (0.267 ≤ ω n ≤ 0.291) to less than 30% at ω n 0.267, where the group index (n g ) is 243 (see Fig. 2(a) inset, which shows n g as a function of normalized frequency, obtained from dispersion shown in Fig. 1(c) ). Figure 2 also shows the field profiles (jH z j) of the fundamental (even) PCW mode in the linear and the nonlinear regions. A typical field profile of the mode in the low group velocity region, shown in Fig. 2(d) , is more spread out along the y axis (or less confined in the guiding region between the two rows of air holes) than a typical mode profile at large group velocities [ Fig. 2(c) ] [23] . If we compare the field profile of the fundamental mode of a slab waveguide as shown in Fig. 2(e) to the mode profiles of the PCW at low and high group velocities, we find that the slab waveguide mode profile is very similar to that of the PCW at large group velocities and, hence, we see better transmission into the PCW at large group velocities. The difference in the transverse spread of the field profile of the PCW at low group velocities and that of the slab waveguide is one of the reasons for the low transmission of energy from a slab waveguide to a BC PCW at low group velocities. The other reason is evident from Fig. 1(c) , where the dispersions of the fundamental modes of the PCW and the slab waveguide are plotted. The group velocity of the fundamental mode of the slab waveguide is very similar to that of the linear region of the PCW mode and, hence, the mode does not see considerable group velocity difference when entering from the slab waveguide into the PCW in the high group velocity region. The slab waveguide mode, however, has a large group velocity mismatch with the PCW mode in the low group velocity region, resulting in a low coupling efficiency at low group velocities. Thus, there are two main reasons for the low transmission into low group velocity modes of the PCW: (i) modal profile mismatch and (ii) group velocity mismatch. In the following subsections, we discuss our approach to solving this issue.
A. Tapered Coupler
In our first design that we call tapered coupler [23] , we always couple light from a slab waveguide to the [22] . Inset shows group index as a function of normalized frequency, obtained from the dispersion shown in Fig. 1 large group velocity modes of the PCW and then adiabatically transform the large group velocity modes into low group velocity target modes. This idea is motivated by the fact that we have a better group velocity and modal profile match between the slab waveguide and the large group velocity region of the PCW mode. This approach allows for efficient coupling from the slab waveguide into the PCW using high group velocity modes, which are then adiabatically transformed into the desired mode. Figure 3(a) shows the dispersion diagram of a PCW as a function of r∕a. The dispersion moves to lower frequencies as r∕a is decreased. It is also clear that the low group velocity modes of a PCW with r∕a 0.3 lie in the same frequency range as the large group velocity modes of a PCW with r∕a 0.24 (i.e., 0.267 ≤ ω n < 0.271). Thus, to couple light into the low group velocity modes of a PCW with r∕a 0.3, we can couple light to large group velocity modes of a PCW with a smaller value of r∕a (e.g., r∕a 0.24) and then slowly change the PCW parameters to take it from the smaller initial value of r∕a to the final value of r∕a 0.3. This increase in the value of r∕a can be achieved either by increasing the radius (r) of the air holes, or by decreasing the period, a. The effect of this taper is shown in Fig. 3(b) , where we compare the transmission from a slab waveguide into a taper-coupled PCW with that of a BC PCW. The transmission into the slow group velocity modes of the PCW increases considerably by using the tapered coupler instead of the butt coupler. For the tapered coupler, the coupling region of Fig. 1 (a) consists of a PCW in which the radius of air holes is linearly increased from an initial value of r∕a 0.24 to the final value of r∕a 0.30 over nine periods of the PCW. The period was kept constant (24 grid points of the FDTD grid) throughout the coupling region. The linear taper can also be implemented by keeping the radius constant and decreasing the period of PCW in the coupling region.
The performance of these two tapers will be discussed in Section 4.
The boundary conditions for the electromagnetic fields dictate that the tangential magnetic and electric fields are continuous at an interface, so it is important to consider the tangential field profile of the modes in the slab waveguide and the PCW. In our case (TM mode) H z is the tangential component of the fields at the interface of the slab and the PC waveguides. From the mode profiles of the PCW [Figs. 2(c) and 2(d)], we see that the mode profile is not uniform and varies along the length (x axis) of the unit cell. Along the x axis, the field is maximum at the edge of the unit cell and is zero in the center whereas, along the y axis, the field is maximum at the center of the Si slab, which is typical of a guided even mode. Since the mode profile of a slab waveguide is uniform along the x axis of the waveguide with maximum in the center along the y direction [see Fig. 2 (e)], it is obvious that the location where we terminate the slab waveguide into the PCW would affect the transmission into the PCW. This effect is shown in Fig. 4 (c), where we compare the transmission from a slab waveguide to a PCW for two different terminations: BC and interface hole cut (IHC) as shown in Figs. 4(a) and 4(b), respectively.
Termination BC is the same termination that was used to calculate transmission for the BC PCW in Figs. 2(a) and 3(b). In termination IHC, we join the slab waveguide to the PCW right at the center of the air holes. Figure 4 (c) compares the transmission into the PCW for these two terminations, which clearly indicates that the coupling improves considerably throughout the frequency range of interest, and more so for low group velocities, by merely changing the termination. The better coupling for the termination IHC is not unexpected, as the fields are maximum at the edges of the PCW unit cell as shown in Figs. 2(c) and 2(d), with the transverse profile of the mode being much similar to that of the slab waveguide mode profile shown in Fig. 2(e) [23] . We should mention that the effect of termination was studied by Vlasov and McNab [22] , and they found BC termination to result in better coupling than the IHC termination, contrary to our findings here. We think that this may be due to different widths of the input ridge waveguides used in the two studies, e.g., Vlasov and McNab have used a ridge waveguide of width sqrt3a, whereas we have used a slab/ ridge waveguide width of sqrt3 − 2 r. This observation, however, needs further investigation.
Since we observe improvement in coupling due to two independent effects, tapering and termination, it is logical to use both these effects to find the optimum coupling performance. To further optimize the coupling, we studied the effect of (i) the length of the taper and (ii) the initial r∕a. To study the effect of the initial r∕a, we fixed the length of the taper at 9a and studied the coupling as a function of the initial r∕a. Transmission into the PCW for three different values of initial r∕a (r init ∕a): 0.24, 0.25, and 0.26 is shown in Fig. 5(a) . The best performance is obtained for the coupler with r init ∕a 0.25. The coupler with this value of initial r∕a performs better than the coupler with r init ∕a 0.24 in the large group velocity region of the target PCW (r∕a 0.3), as the odd mode for a PCW with r∕a 0.24 lies in the same frequency range as the large group velocity even modes of the target PCW with r∕a 0.3. Similarly, the coupler with an initial r∕a 0.25 performs better than the coupler with an initial r∕a 0.26 in the low group velocity region [low-frequency end of the transmission curve, or (0.267 ≤ ω n < 0.271)], as the low group velocity modes for a PCW with r∕a 0.26 have some overlap with the low group velocity modes of the target PCW (with r∕a 0.3).
To study the effect of the length of the taper on the transmission, we kept the initial r∕a constant at 0.25 (i.e., r init ∕a 0.25) and varied the length of the taper. The effect of varying the length of the taper on the transmission is shown in Fig. 5(b) . As expected, we see better performance for longer taper lengths, as the electromagnetic energy sees a more gradual change in the PCW parameter r∕a, and hence smaller difference in the local mode properties. Another point to note is that we see more dips in transmission as we increase the length of the taper. This observation is easily explained by the Fabry-Perot (FP) effect: the longer the length of the cavity, the smaller the free spectral range (FSR), and hence more dips in the transmission response are seen. Also, the dips get sharper as the length of the taper increases. Thus, depending on the application, we can choose a longer taper length if the application does not require broadband operation and is only concerned with the transmission at low group velocities, or we can use a shorter taper if the application uses the entire single-mode bandwidth of the PCW.
By combining the effects of better group velocity match (achieved using tapers) and better field profile match (achieved using the IHC termination) between the modes of the slab and the PCW modes, we expect to get the best performance possible using the adiabatic matching approach. In our final design, we combine the effect of both tapering r∕a and the IHC termination. Figure 6 (a) shows the schematic of the final design in which we linearly tapered the r∕a from an initial value of 0.25 to the target value of 0.3 in nine periods of the PCW, with the period (a) fixed at 24 grid points. Figure 6 (b) compares the transmission response for our final design (dashed curve) with that of a coupler with an IHC termination and no hole-radius taper (solid curve with circles) and a coupler with input hole-radius taper but without the IHC termination (solid curve with plus signs). These two curves show the individual effects of better mode profile match and better group velocity match, respectively. Also shown for comparison is the response from a BC PCW (solid curve), with the same termination as proposed in [22] . Figure 6 clearly shows that by combining these two effects (group velocity match and mode profile match), we can get an almost constant transmission of around 95% throughout most of the frequency range of interest. The improvement in transmission is better for lower group velocities, with the transmission at the low group velocity edge having increased from 27% (for the BC case) to 77% (for the optimal design). An ideal coupler should provide 100% transmission in the entire bandwidth of interest with no transmission dips. While the designed couplers are not perfect, they perform much better than the reference structure [22] . Even in the transmission dip regions, the transmission through our couplers is better than the reference structure [see Fig. 6(b) ]. Such transmission dips are not observed for the reference structure in our simulations because we are simulating only a single slab to PCW interface (see Fig. 1 ). In practical applications where each PCW-based optical processing block will be embedded between an input and output ridge waveguide, the FP dips will be much larger in the reference structure than our couplers due to higher reflection at each coupling interface in the reference structure. As also shown in the figure, a careful design ensures that there are no dips in the low group velocity region (where most applications of PCWs are envisioned).
B. Air Wedge Coupler
In the tapered coupler design, we improved the coupling into the low group velocity region of the PCW dispersion by coupling light into the high group velocity region of the PCW and then adiabatically transforming the high group velocity modes into the low group velocity modes. The air wedge coupler is based on directly modifying the slab waveguide mode into the PCW mode. To achieve this coupling, we use the structure shown in Fig. 7(a) . The idea is to start from a slab waveguide and gradually transform it into a PCW. We start by replacing the slab waveguide structure with the PCW structure at a location where the evanescent fields of the slab waveguide mode are very small in amplitude and linearly move to larger and larger field values (i.e., toward the middle slab region) until we have completely transformed the structure into the PCW.
From the schematics of the air wedge coupler, as shown in Fig. 7(a) , we have two parameters to consider for optimizing the coupler performance: (i) the height of the air wedge, shown as h in the figure, and (ii) the length of the air wedge region, shown as l in the figure. The height of the air wedge coupler was varied in steps of a y (the PC periodicity along the y axis). The evanescent field of the PCW mode at low group velocities extends a little over one a y along the y axis direction into the PC as shown in Fig. 2(d) . Hence, h a y is not a good choice. For h 2a y (second hole away from the middle slab along the y axis), there is negligible field amplitude for either the PCW modes [Figs. 2(c) and 2(d)] or the slab mode. Therefore, h 2a y is a good choice for the height of the air wedge coupler. With h 2a y , the evanescent field has decayed enough that the mode profile does not see much of a discontinuity, and any further increase in h is not expected to improve the transmission further.
For the effect of length (l) on the transmission properties of air wedge coupler, we kept the height fixed at 2a y and varied the length. Figure 7(b) shows the transmission through air wedge couplers for three different lengths: l 7a (solid curve), l 8a (dotted curve), and l 9a (dashed curve). We see FP dips in the response and the dips move as we change the length of the coupler. For the three lengths considered in the figure, we get 100% transmission in at least some part of the single mode frequency range of the PCW (i.e., 0.267 ≤ ω n ≤ 0.291), and the location of this region with 100% transmission depends on the location and width of the FP dips. Thus, depending on the frequency range of an application of interest, we can choose one length of the air wedge coupler over another to get better coupling in that frequency range. For applications utilizing low group velocity modes in the PCW, the air wedge coupler with length 7a performs the best. For this length of the air wedge coupler, we can get 100% transmission over a very broad frequency range and the minimum transmission at the low group velocity edge (the low frequency edge of the graph) is around 80%. To the best of our knowledge, couplers with such high transmission (98% or more) for such a large bandwidth (0.27 ≤ ω n ≤ 0.28) have not been reported earlier.
C. Comparison of the Two Designs
The coupling performance of the tapered coupler (with IHC termination) and the air wedge coupler are compared in Fig. 8 . Also shown in the figure is the transmission response from the reference structure, a BC PCW. The final IHC terminated tapered coupler design has a flatter response with low magnitude transmission dips. The transmission is close to 95% throughout most of frequency range of interest and reaches a minimum of around 77% at the mode edge. The air wedge coupler, on the other hand, has close to 100% transmission in a smaller range, but throughout the low group velocity region, it has better transmission than the tapered coupler. The minimum transmission in the low group velocity region for the air wedge coupler is around 80%. The air wedge coupler, however, is more sensitive to the FP effects with a stronger transmission dip. Thus, based on the bandwidth requirement of an application, either of the two designs can be used. For applications involving the use of all the single mode guiding bandwidth, we can use the tapered coupler and, for applications targeting only the slow group velocity region, we can use the air wedge coupler, which allows us to get up to 100% transmission into the PCW.
Fabrication
Motivated by the simulation results, we proceeded toward fabricating our structures. The designs were fabricated at the Nanotechnology Research Center at Georgia Tech using electron beam lithography (with ZEP as the e-beam resist) and inductively coupled plasma etching (using Cl 2 plasma). More details of the fabrication process are presented in detail in [29] . The scanning electron microscopy (SEM) images of some of the fabricated structures are shown in Fig. 9 .
As mentioned in Section 3.A, there are two ways of implementing tapered couplers: (i) by keeping the period constant and tapering the air hole radius (hole-radius tapered coupler), or (ii) by keeping the air hole radius fixed and tapering the period (holeperiod tapered coupler). Although we only used hole-radius tapered couplers in that section, we also fabricated the hole-period tapered couplers for experimental characterization, since e-beam lithography allows more accuracy in the position of the air holes rather than their sizes. SEM images in Fig. 9 show input and output ridge waveguides coupled to PCWs using the different coupler designs as mentioned in Section 3. These ridge waveguides are used to route light from/to the input/output facet of the PCWs.
Characterization and Discussion
The fabricated structures were characterized using a fiber-based, swept wavelength laser (Agilent Technologies Model 81680A, linewidth 100 kHz) setup; more details of the characterization setup can be found in [29] . Exact characterization of PCWs is challenging, as there are three loss factors that affect the transmission and it is almost impossible to decouple them. The three loss factors that affect the transmission are (i) low coupling efficiencies at low group velocities; (ii) propagation loss, which increases with decreasing group velocities; and (iii) radiation loss for mode frequencies above the light line. Of these three loss factors, the first two contribute largely to low transmission at low group velocities and the third lowers the transmission at high group velocities. To get the exact coupling coefficient as a function of group velocity, we need to decouple all the three effects. The best way to achieve this is to use short length PCWs, as was also used in earlier experimental studies [19, 22] . We have thus used 50 period long PCWs to experimentally determine the coupling response of our designs. In Fig. 10(a) , we are plotting transmission through a 50 period BC PCW; Fig. 10(b) shows a magnified view in the low group velocity region. The FP fringes in the transmission spectrum were then used to calculate the group index [22] , which is plotted in inset. The measured group indices varied from 10 at 1541.5 nm to 111 close to transmission cutoff at 1561.8 nm. In the high group velocity region, the group index was measured as 5.3 at 1479 nm. The largest group indices measured for different type of couplers were: 126 for air wedge, 130 for hole-radius taper, and 155 for hole-period taper. It was difficult to get group index versus wavelength curves [similar to that shown in the inset of Fig. 10(b) ] for our couplers due to greatly reduced fringe contrast (as a result of lower reflection from the ridge to PCW interface). Unbalanced MachZehnder interferometers (MZIs) should be better candidates to extract similar group index versus wavelength curves for our designed couplers, as fringes in an unbalanced MZI arise due to path difference between the two arms and do not rely on reflections from the interface. With unbalanced MZIs, Vlasov et al. [30] were able to measure group indices around 500, while with the same coupler they could only experimentally determine group indices around 100 using FP fringes [22] . Thus, we believe that, with the use of unbalanced MZIs and, more importantly, better fabrication quality-similar to what is available at IBM or Intel-we should be able to measure much higher group indices. We would also like to mention that, while Ozaki et al. [21] could only confirm an n g of 17, probably due to long PCW used in their study, other experimental studies [19, 20] of couplers have not reported any group index measurements.
As mentioned in Section 2, the simulation results were optimized with 2D-FDTD simulations with a fixed n eff 2.811. However, in practice, n eff is not constant and changes with frequency. Also, the thickness of the device layer of an SOI wafer can change from wafer to wafer and within a 4-inch wafer, which also changes the n eff of the optical mode. Hence, the results optimized through simulations may not be optimum for actual fabricated devices. To find the optimum parameter values for fabricated devices, we varied the optimization parameters of each coupler design around the values obtained through simulations (mentioned in Section 3). For example, for an air wedge coupler, we used three values for the length of the air wedge region (6a, 7a, and 8a). Since the tapered coupler has two parameters (initial r∕a and the length of taper) to optimize and we have two ways of tapering (hole-radius taper and hole-period taper), we used a hole-radius tapered coupler to optimize for the length of the taper region and a holeperiod tapered coupler to optimize for the initial r∕a. Hence, for the hole-radius tapered coupler, we fixed the initial r∕a at 0.25 (obtained from the simulation results) and used three values of taper length (7a, 8a, and 9a). For the hole-period tapered coupler, we fixed the length of the taper at 9a (obtained from the simulation results) and used three different values of initial r∕a: 0.23, 0.24, and 0.25. Since the laser output is not constant with frequency, all the transmission spectra were normalized with respect to the transmission spectra through a ridge waveguide of the same length as the PCW.
Figures 11(a)-11(d) show the characterization results of one set of couplers that were fabricated on a single chip. What is important in these figures is the shape of the transmission spectra. Since the length and PC parameters (r and a) are the same in each case, we see the coupler response in these figures, as that is the only thing different in these structures. The shape of these spectra tells us how the coupling varies as we move from high group velocity region of the PCW dispersion to the low group velocity region. To quantify the relative coupling at high and low group velocities, we calculate the ratio of average transmission at low group velocities to average transmission at high group velocities. For calculation purposes, the average transmission at large group velocities is taken to be the average transmission between wavelengths 1460-1480 nm, and average transmission at low group velocities is taken as the average transmission between wavelengths 1540-1560 nm. There are a couple of things to note in these figures. First, for the three designed couplers [ Figs. 11(b)-11(d) ], the average transmission at low group velocities is larger than at high group velocities. This higher average transmission at low group velocities is due to radiation losses associated with high group velocity modes being above the light line. In simulations, we did not see the lower transmission at high group velocities, as we had used 2D simulations. Second, in the last half of the low group velocity window (λ ≥ 1550 nm), we do see the transmission for the taper couplers (both hole-radius and hole-period) drop off as we approach slower and slower group velocities. Third, for the air wedge coupler, a similar drop in transmission with decreasing group velocities is seen only in the last 4 nm. These two (second and third) observations agree well with the simulation result shown in Fig. 8(a) , where we see the transmission drop for ω n < 0.27. Fourth, for the BC PCW [ Fig. 11(a) ], the transmission drops as we go to larger and larger wavelengths (lower and lower frequencies), and this observation also agrees very well with the simulation result in Fig. 8 . Fifth, for the hole-period tapered coupler, we see a fairly strong transmission dip close to the high group velocity window (around 1490 nm). This dip is probably due to the FP effect. Although we do not see similar dips in the transmission spectra for the air wedge coupler or the hole-radius tapered coupler for this sample, we see similar dips in all the couplers (air wedge or tapered couplers) for different fabrications. These dips vary in position and intensity from fabrication to fabrication, possibly due to changes in the device layer thickness from wafer to wafer and within a wafer (the variation in the device layer thickness is 20 nm). Thus, characterization results from one round of fabrication cannot be considered final. To have a better confidence level for our results, we fabricated four sets of samples and computed the ratio of average transmission at low group velocities to average transmission at high group velocities T The underlying assumption in computing the percentage improvement in coupling over butt coupler (Column 4 of the table) is that the coupling to large group velocity modes is the same for all the couplers. While this assumption is not entirely true since our couplers perform better than the butt coupler even at high group velocities, as is evident from Figs. 7 and 8, it allows us to compute the lower bound of coupling improvement obtained at low group velocities using our designed couplers. With this assumption in mind, it is evident from the table that all of our couplers perform much better than the butt coupler. Of the three designs, hole-radius tapered couplers provide the least performance improvement over the butt coupler. The minimum improvement in coupling to low group velocities is 24% (or 12% per coupler) for a hole-radius tapered coupler with length 7a. For hole-radius tapered coupler with initial r∕a fixed at 0.25, similar performances are obtained for couplers with length 8a and 9a, indicating a 31% (15.5% per coupler) and 29% (14.5% per coupler) improvement over the butt coupler, respectively. For the air wedge coupler the best coupling at low group velocities is obtained for a coupler of length 7a, same as the one found in our simulations, indicating a 42% (21% per coupler) improvement in coupling over the butt coupler. For air wedge couplers of length 6a and 8a, the improvement over the butt coupler is 33% (16.5% per coupler) and 37% (18.5% per coupler), respectively. Even the worst of the air wedge couplers (air coupler of length 6a) performs 33% (16.5% per coupler) better than the butt coupler at low group velocities. The best performance of all the couplers is obtained for the hole-period tapered coupler; with initial r∕a 0.24 and length 9a, we get a 51% (25.5% per coupler) improvement over the butt coupler. For other hole-period tapered couplers with initial r∕a values of 0.23 and 0.25, we achieved improvements of 46% (23% per coupler) and 37% (18.5% per coupler) over the butt coupler respectively. The performance difference between the hole-period tapered and holeradius tapered couplers is probably due to better air hole placement accuracy of the e-beam lithography system. With the e-beam lithography system, there is much less control over the size of air holes. We have seen a variation of over 30 nm in the diameter of air holes (252 nm) from fabrication to fabrication. Even for a single fabrication, the size of air holes does not come out to be constant and depends on the location of air hole with respect to other air holes (i.e., on the density of the air holes). For example, an isolated air hole requires a larger dose than an air hole in the center of the PC, which receives a larger cumulative e-beam dose due to forward and backward scattering of the electron beam. The position of the e-beam, on the other hand, does not depend on the forward and backward scattering and is much more accurate. These results for tapered couplers indicate that the hole-period tapered coupler is more robust to fabrication inaccuracies than the hole-radius tapered couplers.
While the results shown in Fig. 11 and Table 1 show the advantages of tapered and air wedge couplers over the butt coupler, the quantitative numbers are subject to some error due to the high sensitivity of the relative location of the input fiber to the input ridge waveguides. To address this issue, we fabricated another sample consisting of ridge waveguide y junctions with BC PCWs in one arm and PCWs with our couplers in the other arm, and compared the output powers in the two arms. With the same length (50a) of PCWs in the two arms, higher output power will imply better coupling from the input ridge waveguide to the PCW and from PCW to output ridge waveguide. For this experiment, we only fabricated the best coupler of each type, i.e., air wedge coupler with length 7a; hole-radius tapered coupler with length 8a and initial r∕a 0.25; and hole-period tapered coupler with length 9a and initial r∕a 0.24. The output intensities from the two arms of each y junction were captured by an IR camera and numerically integrated. The intensities were recorded in 0.5 nm spacings in 20 nm wavelength windows for both high (1460-1480 nm) and low (1540-1560 nm) group velocity regions. These intensities were then averaged and used to calculate the average enhancement in coupling efficiency as compared to a butt coupler at high and low group velocities. The efficiency enhancement is calculated by taking the ratio of average power output from the arm containing the designed coupler (P Coupler out ) to the output power from a One arm contains a BC PCW and the other arm contains one of the designed couplers. The length of PCW in both the arms is 50a.
the arm containing the butt coupler (P Butt coupler out ), and is reported in Table 2 . Columns 2 and 3 in the table show the coupling efficiency improvements at high and low group velocities, respectively, of our couplers as compared to a butt coupler. The numbers in the parentheses show the percentage enhancement in coupling efficiency per coupler.
The table shows that all of our couplers performed better than a butt coupler. Moderate coupling enhancement is observed at high group velocities, with air wedge coupler showing 10.5% (5.25% per coupler) enhanced coupling, 9.1% (4.5% per coupler) for holeradius tapered coupler, and the highest enhancement of 11.5% (5.75% per coupler) for hole-period tapered couplers. These numbers agree very well with the simulation results from Figs. 7 and 8. To the best of our knowledge, none of the previous experimental studies [19] [20] [21] [22] have shown any improvement in coupling at high group velocities. At low group velocities, the improvement in coupling of our couplers over a butt coupler is much higher. For an air wedge coupler of length 7a, the improvement in coupling efficiency at low group velocities is 52.5% (26.25% per coupler). The hole-radius tapered coupler showed an improvement of 41.3% (20.65% per coupler) and, for the holeperiod tapered coupler, the enhancement is 61.6% (30.8% per coupler). The coupling enhancements at low group velocities as found from our y junction imaging experiments (Table 2 , Column 3) agree very well with the numbers reported in Table 1 when improvement in coupling at high group velocities ( Table 2 , Column 2) is taken into account. For example, when the percentage improvement numbers from Column 3 of Table 1 are added to the percentage improvement numbers of Column 2 from Table 2 , they agree to within a percent to the percentage improvement numbers of Column 3 in Table 2 . These improvements also agree very well with our simulated results shown in Figs. 7 and 8. Our results at low group velocities show good qualitative agreement with those reported in [19] , in addition to showing improved coupling at high group velocities. While our extensive experimental results show that both of our couplers are very robust to any fabrication imperfection, the results also demonstrate that hole-period taper is a more robust way of designing tapers than hole-radius tapers, as used in earlier studies [19, 23] . Again, to the best of our knowledge this is most extensive study of coupling in PCWs.
Thus, our designed couplers, both air wedge and tapered, allow enhanced coupling of light from a ridge waveguide into a PCW at both high and low group velocities. With these couplers, the power requirements for an integrated optical chip can be greatly reduced. The reduction in power requirement for future LSIO circuits, with multiple OPUs (based on unique properties of PCWs), will be enormous as, for each stage of PCW-based OPU, the power requirement reduces by a factor of (1 − 0.62 0.38). Thus an n stage LSIO will have a 0.38 n lower power requirement when our couplers instead of butt couplers are used to couple light into each PCWbased OPU.
Conclusion
We presented two designs for efficient coupling of light from ridge to PC waveguides. Our extensive experimental results confirm that our couplers perform better than previously reported butt coupler [22] at both the high and low group velocity regions of the single mode of a PCW. The performance improvement at high group velocities is around 11.5% for the tapered coupler design and 10.5% for the air wedge design. At low group velocities, the coupling improvement is much higher, with 62% for the tapered coupler and around 53% for the air wedge coupler. Our experimental results also show that the hole-period taper embodiment of a tapered coupler is more robust to inherent fabrication imperfections than the hole-radius tapered coupler as previously suggested [19, 23] . Although the designs were conducted for a triangular lattice PCW of air holes in Si with r∕a 0.3. The two designs presented are quite general and the design philosophies can easily be extended to improve coupling from any translational invariant waveguide to a periodic waveguide.
